Summary The SMAD-2 gene, which is located at 1 8q21, has been identified as a candidate tumour-suppressor gene from work on colorectal cancers. The aim of the present study was to determine the clinical alterations and the significance of its mutations in a series of colorectal cancers previously examined for SMAD-4/DPC-4 gene. Mutation analyses of the SMAD-2 gene were carried out on cDNA samples from 36 primary colorectal cancer specimens using a combination of the polymerase chain reaction (PCR), single-strand conformation polymorphism (SSCP) and DNA sequencing. Only one missense mutation (2.8%), producing an amino acid substitution in the highly conserved 1996). is somatically mutated in a proportion of colorectal cancers in vivo (Takagi et al. 1996) . However. the observed frequency of SMAD-4 mutations was significantly lower than expected from the numbers of 18q21 deletions in colorectal cancers. indicating that another tumour-suppressor gene might be present in this chromosome region. For instance. the DCC was the first candidate tumour suppressor in the region. although data on DCC mutations in the same set of tumour samples presented here are not available at present because of its length and complexity.
Tumour-suppressor genes are charactenrzed by alterations that inactivate both alleles in cancers (Knudson et al. 1985) . this often being accomplished by intragenic mutations in one allele accompanied by loss of a chromosomal region containing the other allele termed loss of heterozygosity (LOH) . LOH at 18q21 has been reported to be frequent in various types of human tumours such as pancreatic and colon cancers (Vogelstein et al. 1989 : Cliby et al. 1993 : Brewster et al. 1994 : Shibagaki et al. 1994 : Hahn et al. 1995 : Vogelstein et al. 1988 . Recently. we showed that the SMAD-4 gene. which was initially isolated from 1 8q2 1 as a candidate tumour-suppressor gene for pancreatic cancers (Hahn et al. 1996) . is somatically mutated in a proportion of colorectal cancers in vivo (Takagi et al. 1996) . However. the observed frequency of SMAD-4 mutations was significantly lower than expected from the numbers of 18q21 deletions in colorectal cancers. indicating that another tumour-suppressor gene might be present in this chromosome region. For instance. the DCC was the first candidate tumour suppressor in the region. although data on DCC mutations in the same set of tumour samples presented here are not available at present because of its length and complexity.
More recently. a novel gene. termed SMAD-2. has been isolated and revealed to be closely related to the SMAD-4 gene (Riggins et al. 1996 : Eppert et al. 1996 . Of interest. it w-as mapped to the 18q21 region within a short distance. 3 Mb. from the SMAD4 gene. These observations led us to examine whether the SMAD-2 gene might also be mutated in the same set of colorectal cancers already examined for SMAD-4 gene changes. 
RESULTS
The present examination of 36 colorectal cancer specimens using the RT-PCR and analysis of single-strand conformation polymorphisms (RT-PCR/SSCP), yielded positive data for three cases. In case 31, a distinct mobility shift was present in the colorectal cancer specimen but not in the corresponding normal tissue, indicating a somatic nature for the change. Both mutant and wild-type alleles were expressed at similar RNA levels indicating retention of heterozygosity ( Figure 1B) . In two colorectal specimens, cases 4 and 5, the total coding region of both alleles were absent, suggesting possible homozygous deletions at 1 8q2 1 (data not shown).
Sequence analysis of the normal and colorectal cancer specimens for case 31 showed the presence of a somatic missense mutation. A change of CAT to CGT in a highly conserved residue at codon 441 (Figure 2 ) within the MAD homology 2 (MH2) region of the SMAD-2 protein was found, leading to an amino acid substitution (change from histidine to arginine) (Figure 3) .
Correlations between mutations and clinicopathological status are shown in Table 1 . The SMAD-2 mutation was present in an early stage lesion, whereas the SMAD-4 mutations were primarily in cases with liver and lymph node metastasis.
DISCUSSION
The vast majority of human epithelial and lymphoid malignant tumour cell lines demonstrate escape from transforming growth factor (TGF-P)-mediated growth control, which may represent an important step in tumour progression (Fynan et al, 1993) . Recently, several novel human genes related to the Drosophila gene called MAD, thought to transduce signals from TGF-, family members, have been identified, with SMAD-2 being one of these (Sekelsky et al, 1995; Graff et al, 1996; Hoodless et al, 1996; Savage et al, 1996) . We here identified one somatic mutation in the highly conserved MH2 domain of the SMAD-2 gene in 36 colorectal cancer specimens. This alteration would be expected to disrupt regulation of phosphorylation by the TGF-f signalling pathway.
Previously, we reported detection of alterations of the SMAD-4 gene in a subset of the present series of colorectal cancers (Takagi et al, 1996) . In total, one SMAD-2 and five SMAD-4 mutations and two homozygous deletions of the two genes were observed ( Table 1 ). The SMAD-2 mutation was present in an early stage lesion, whereas the SMAD-4 mutations were primarily in cases with liver and lymph node metastasis (P = 0.0026 and P = 0.0023 respectively by the chi-squared test). Further studies should be carried out to clarify the relation between mutations of MAD-related genes and disease stage of colorectal cancers.
The discrepancy between the frequencies of SMAD-2 and SMAD-4 mutations and that of allelic loss at 1 8q2 I still remains to be explained. Using RNAs from microdissected tumour specimens, RT-PCR/SSCP analysis might yield higher mutation frequencies of MAD-related genes. However, another possibility is that there is yet another putative tumour-suppressor gene at 1 8q2 1 playing a role in colorectal carcinogenesis. The other alternative is that MAD-related genes might be inactivated by other molecular aPreviously published in Takagi et al (1996) . bAll cases with liver metastasis.
mechanisms such as aberrant hypermethylation leading to transcriptional repression (Baylin et al, 1991) , although it might not play a major role.
In conclusion, together with our previous demonstration of SMAD-4 alterations in colorectal cancers, the present findings indicate that the biological and biochemical functions of the MADrelated genes, SMAD-2 and SMAD-4, warrant further investigation to gain insights into the molecular pathogenesis of neoplasia. Future studies may lead to identification of another, yet unidentified, tumour-suppressor gene(s) linked with the reported frequent l 8q21 deletions in colorectal cancers.
